of CF pathological features across these disorders. Specifically, PD cases and ET cases both had more CFs extending into the parallel fiber (PF) territory, but ET cases had more complex branching and increased length of CFs in the PF territory along with decreased CF synaptic density compared to PD cases. MSA cases and SCA1 cases had the most severely reduced CF synaptic density and a marked paucity of CFs extending into the PF territory. Furthermore, CFs in a subset of MSA cases formed collateral branches parallel to the PC layer, a feature not seen in other diagnostic groups. Using unsupervised cluster analysis, the cases and controls could all be categorized into four clusters based on the CF pathology and features of PC pathology, including counts of PCs and their axonal torpedoes. ET cases and PD cases cosegregated into two clusters, whereas SCA1 cases and MSA cases formed another cluster, separate from the control cluster. Interestingly, the presence of resting tremor seemed to be the clinical feature that separated the cases into the two ET-PD clusters. In conclusion, our study demonstrates that these degenerative movement disorders seem to differ with respect to the pattern of CF synaptic pathology they exhibit. It remains to be determined how these differences contribute to the clinical presentations of these diseases.
Introduction
Clinical and neuroimaging studies have implicated cerebellar dysfunction in essential tremor (ET) [52] . Controlled postmortem studies in recent years have documented a growing number of structural changes in the ET cerebellum, Abstract Changes in climbing fiber-Purkinje cell (CF-PC) synaptic connections have been found in the essential tremor (ET) cerebellum, and these changes are correlated with tremor severity. Whether these postmortem changes are specific to ET remains to be investigated. We assessed CF-PC synaptic pathology in the postmortem cerebellum across a range of degenerative movement disorders [10 Parkinson's disease (PD) cases, 10 multiple system atrophy (MSA) cases, 10 spinocerebellar ataxia type 1 (SCA1) cases, and 20 ET cases] and 25 controls. We observed differences in terms 1 3 involving the Purkinje cell (PC) and neighboring neuronal populations [33] . These include an increase in torpedoes and changes in PC axonal morphology [2, 40] , regressive changes in the PC dendritic arbor with a reduction in dendritic spines [37] , an increase in the number of heterotopic PC bodies [30] , and abnormally dense and elongated basket cell axonal processes surrounding PC soma and axon initial segments [15, 29] . PC loss has been documented in several [12, 35, 40] but not all studies [49, 54] .
Harmaline-induced tremor in rodents shares a number of clinical and pharmacological response features with ET [11] . Harmaline can induce hyper-synchronous activity of neurons in the inferior olivary nucleus, which subsequently leads to synchronized PC firing via climbing fiber (CF) synapses [11, 22] . Whether there is hyper-excitability of the inferior olivary nucleus in ET remains to be empirically demonstrated; however, an extensive search for pathology in the inferior olivary nucleus in ET was unrevealing [34] . Instead, we have noted the presence of abnormalities in CF-PC synapses in ET cases: (1) decreased CF-PC synaptic density on proximal PC dendrites, the normal synaptic domain of climbing fibers and (2) abnormal CF-PC synapses in extending into the PF-PC synaptic territory [31] . The number of abnormal distal CF-PC synapses inversely correlated with tremor severity [31, 41] and could be modulated by the deep brain stimulations [28] , suggesting a link between this pathological feature and tremor.
CFs and parallel fibers (PFs) are important excitatory inputs to PCs and are critical in regulating PC physiology. CF synapses express vesicular glutamate transporter type 2 (VGlut2, now known as SLC17A6), whereas PF synapses express VGlut1 (now known as SLC17A7) [18] . The proper distribution of climbing and PFs along PC dendritic arbors is strictly regulated to ensure the proper timing of excitatory synaptic activation of PCs [57] . CFs form synapses on the thick, proximal PC dendrites, whereas PFs form synapses on the thin, spiny, terminal PC branchlets [46] . The activation of PF synapses leads to short duration PC action potentials, whereas the stimulation of CFs causes long duration action potentials with complex spikes and calcium influx in PCs [14, 42, 55] . The simultaneous activation of both PF and CF synapses could trigger the longterm depression, a form of long-standing cerebellar learning [24] . Defective CF-PC synaptic connections can also occur in the setting of PC degeneration in various forms of spinocerebellar ataxias (SCAs) [25] . Specifically, CFs regressed and only formed excitatory synaptic connections in the very proximal PC dendritic region in mouse models of SCAs [3, 13, 19] , which is quite different from the pattern observed in the human disease ET, in which there is an extension of CFs to the distal PC dendritic branchlets [31, 41] . To our knowledge, there are no systematic comparisons of CF and PC pathologies in the postmortem human cerebellum across a range of degenerative movement disorders.
Our goal in these analyses was to understand CF-PC synaptic pathology more broadly, by extending our studies to other cerebellar degenerative disorders as well as disorders in which cerebellum, as part of a larger tremor loop, has been postulated to be involved. In addition to ET, we analyzed postmortem cerebellar tissue from: (1) SCA type 1 (SCA1), a common genetic form of cerebellar degeneration; (2) multiple system atrophy (MSA), the most common sporadic cerebellar degenerative disorder of older age [16] ; and (3) Parkinson's disease (PD), which is the second most common tremor disorder, and in which the cerebellum has been proposed to be central in modulating tremor severity and other motor symptoms [23, 58] .
Materials and methods

Subject selection
Subject selection was determined by available control tissue. We identified 15 older controls above age of 75 from the New York Brain Bank, and selected 20 ET cases to age-match with these controls. None of these ET cases had brainstem Lewy body pathology [40] or pathology consistent with progressive supranuclear palsy [36] . We obtained ten SCA1 cases from Dr. Arnulf Koeppen (Veterans Affairs Medical Center, Albany, New York) and ten MSA cases from the New York Brain Bank for which we could obtain paraffin-embedded sections. Since ET cases had much older ages of death than SCA1 and MSA cases, we additionally selected from the New York Brain Bank ten younger controls to match with ten SCA1 cases and ten MSA cases. The average age of death of PD cases was in between that of ET cases and SCA1 cases or MSA cases; therefore, we did not select separate controls to match with PD cases. Ten PD cases were selected, because these cases were initially recorded to have tremor of any types based on the preliminary clinical data. All ten PD cases had been evaluated by movement disorder neurologists during life with detailed examination of rest, postural, and action tremors. All subjects signed informed consent of the Institutional Review Board of respective institutions.
Clinical diagnosis
The clinical diagnosis of ET was first made by treating physicians, and then confirmed by an ET Centralized Brain Repository movement disorders neurologist (EDL) using data from clinical questionnaires, medical records, videotaped neurological examination, and assessment of standardized Archimedes spirals [2] . ET cases had a standardized, videotaped neurological examination to assess tremor characteristics and severity in detail, including whether resting tremor was present or not [2] . The severity of action tremor in the upper extremities was quantified using the total tremor score [TTS] (range 0-36), based on clinical ratings of tremor on videotaped examination [41] , which generally occurred within 6 months of death.
The control brains were from individuals who participated in the Alzheimer's Disease Research Center and the Washington Heights Inwood Columbia Aging Project at Columbia University. They were followed prospectively with serial neurological examinations, and were clinically free of Alzheimer's disease, ET, PD, Lewy body dementia, or progressive supranuclear palsy.
MSA brains and PD brains were from patients seen in the Movement Disorders Clinic at Columbia University, and movement disorder neurologists made the diagnoses of respective diseases during life. Although we chose PD cases based on the presence of tremor in preliminary clinical data, additional scrutiny of the complete medical records revealed only seven out of ten PD cases had tremor (six had resting tremor and four had action and postural tremor); therefore, we studied seven PD cases with tremor and three PD cases without tremor.
Tissue processing and confirmation of pathological diagnosis
All brains, except for the SCA1 cases, were processed the same way in the New York Brain Bank [56] and received ratings of neurofibrillary tangles using Braak and Braak staging [5, 6] , and Consortium to Establish a Registry for Alzheimer's disease ratings for neuritic plaques [44] . Postmortem interval was the number of hours between death and placement of the brain in a cold room or on ice.
All ET cases were examined to determine whether there was any Lewy body pathology in the brain stem (substantia nigra, locus ceruleus, and dorsal vagal nucleus) or cerebrum by α-synuclein staining [40] or any pathological changes consistent with progressive supranuclear palsy (i.e., tau-positive tufted astrocytes, globose neuronal tangles, or tau-positive glial cytoplasmic inclusions in the cerebellar cortex, inferior olivary nucleus, dentate nucleus, or basal ganglia) [36] . We excluded rare ET cases with ubiquitin-positive intranuclear inclusions [38, 39] . The pathological diagnosis of PD was made by assessing the substantic nigra: moderate or severe neuronal loss in the substantia nigra with Luxol fast blue/haematoxylin and eosin stained sections and the presence of Lewy bodies [40] . All PD cases were further staged by α-synuclein staining and the application of Braak PD stages as previously described [7, 43] . The pathological confirmation of MSA was made by the presence of typical glial cytoplasmic inclusions and neuronal loss in the striatum, substantia nigra, cerebellum, and pons assessed by α-synuclein and Luxol fast blue/haematoxylin staining, respectively [50] . Eight MSA cases had predominant olivopontocerebellar atrophy, whereas two MSA cases had mixed pathology of striatonigral degeneration and olivopontocerebellar atrophy. The diagnosis of SCA1 cases was confirmed by the determination of pathological CAG repeat numbers in the ATXN1 gene and the presence of typical intranuclear inclusions, which are p62 and ubiquitin positive, in neurons [51] .
A standard 3 × 20 × 25 mm parasagittal neocerebellar block was obtained from a 0.3-cm-thick parasagittal slice located 1 cm from the cerebellar midline, corresponding to the anterior and posterior quadrangulate lobules in the anterior lobe of the cerebellar cortex [1, 56] . This region of the cerebellar cortex is involved in motor control [21, 45] . Paraffin sections (7 μm thick) were stained with Luxol fast blue hematoxylin and eosin, and the PC counts and torpedo counts were quantified as previously described [40] .
Cerebellar immunohistochemistry
Seven micrometer paraffin-embedded cerebellar sections were rehydrated and incubated with 3 % hydrogen peroxide, followed by antigen retrieval in 0.1 M Tris-base Urea solution (pH 9.5) for 20 min at 95 °C, and suppression block with 10 % normal donkey serum and 0.5 % bovine serum albumin. The sections were incubated with polyclonal rabbit anti-VGlut2 antibody (1:250) [26, 27] at 4 °C for 48 h followed by incubation with biotinylated antirabbit IgG (Vector labs, Burlingame, CA, 15 µg/ml), and the signals were amplified by avidin/biotinylated complex (Vector, Burlingame, CA). The sections were developed with 3,3′-diaminobenzidine precipitation. Images were acquired with bright field microscopy (Zeiss AxioPlan 2 wth AxioCam HR digital camera). We also performed dual immunofluorescence staining of monoclonal mouse antiCalbindin D28K (Sigma-Aldrich, St. Louis, MO, 1:1000) or anti-neurofilament (SMI31, Convance, 1:1000) and polyclonal rabbit anti-VGlut2 antibody (1:250) with secondary Alexa 594 goat anti-mouse IgG and Alexa 488 donkey antirabbit IgG antibody (Life technologies, Eugene, OR, both 20 µg/ml) to visualize the CF-PC synapses. All immunofluorescence images were taken using confocal laser scanning microscopy (Leica TSC SP2 two photon microscope).
Rationale for studying CF pathology
CF terminals that form synapses with PCs express VGlut2 [18] ; therefore, VGlut2 puncta in the molecular layer represent CF-PC synapses. We chose to study CF synaptic density, which could reflect the degree of synaptic pruning often encountered in cerebellar degeneration [3, 13, 19] . In addition, the CF synaptic territory along proximal and distal domains of PC dendrites is tightly controlled and can be altered in response to abnormal synaptic activities [8] and/ or cerebellar degeneration [3, 13, 19] . We, therefore, studied CF synapses abnormally present in the PF territory by quantifying the percentage of CFs extending to the outer 20 % of the molecular layer [31] . We further studied additional features of these CFs in the outer 20 % of the molecular layer by quantifying the CF length, the number of CF synapses, and the number of CF branches in this region. Another way to study CF synapses in the PF territory is to investigate the percentage of CF synapses on the thin, spiny PC dendritic branchlets [31, 41] , which normally form synapses with PFs. The intra-and inter-rater reliabilities of a number of pathological readouts have been published [12, 31] .
Assessment of VGlut2 (i.e., CF) synaptic density
Trained raters (SHK and DL) performed image acquisition and readout quantification without the knowledge of the diagnosis of each subject. We used random digits to select 25 fields in the cerebellar cortex in each subject and quantified the total number of visualized VGlut2 puncta on proximal PC dendrites in a 200× field directly above the PC layer. The total visualized CF length in the same 200X field was measured with NeuriteTracer (Neuron J) [48] , a plugin of Image J (NIH, Besthesda, MD). CF synaptic density was defined as the total number of visualized VGlut2 puncta divided by the total CF length in a 200× field. Twenty-five fields were quantified to obtain an average CF synaptic density in each subject.
Assessment of CFs in the outer portion of the molecular layer of the cerebellar cortex
To assess the distribution of CFs across the height of the molecular layer, we investigated the percentage of CFs abnormally extending into the outer 20 % of the molecular layer. We randomly imaged 15 200× fields, which included the whole thickness of the molecular layer, in each subject, and imported images into Image J. Trained raters (SHK and CYL) first measured the total thickness of the molecular layer and then drew a line at the border between the outer 20 % and inner 80 % of the molecular layer in the cerebellar cortex. We quantified the number of CF extending above this line into the outer 20 % of the molecular layer. We calculated the percentage of CFs extending into the outer 20 % of the molecular layer in a given field (CFs in outer 20 % of the molecular layer/total CF in the field × 100). A rater (SHK) additionally quantified several features of CFs in the outer 20 % of the molecular layer, including: (1) total CF length; (2) the number of CF synapses; and (3) the number of CF branches in different diagnostic groups.
Assessment of the distribution of CF synapses on distal PC dendrites
We studied the CF synapses on the thin PC dendritic branchlets, previously defined as VGlut2 puncta on the PC thin, spiny branchlets <1 μm in diameter [17, 46] . For each subject, trained raters (CYL and JYL) used random digits to choose PC dendritic trees for image acquisition using confocal microscopy (63× objective and 5× digital zoom, Leica). Once the field was chosen, we acquired serial images of both green and red channels from the base of the molecular layer to the pial surface to reconstruct complete dendritic arborizations of five PCs per subject. We calculated the percentage of these abnormal CF-PC synapses (VGlut2 puncta on the PC thin spiny branchlets divided by the total VGlut2 puncta). MSA cases and SCA cases had markedly damaged PC dendrites; therefore, it was not possible to identify the complete PC dendritic structures or to differentiate between thick dendritic shafts and dendritic spines. Therefore, we only quantified this feature in ET cases, PD cases, and a subset of controls (n = 12, age 81.3 ± 7.1).
Statistical analyses
Analyses were performed in SPSS (version 22). Demographic and clinical characteristics were compared using the analysis of variance and Chi-square tests. Our primary outcome measures [(1) CF synaptic density, (2) the percentage of the CFs extending to the outer 20 % of the molecular layer, and (3) the percentage of CF synapses on the thin PC dendritic branchlets] and age and brain weight followed a normal statistical distribution (KolmogorovSmirnov test p values >0.05); therefore, we used parametric tests (analysis of variance followed by LSD post hoc analyses and Student t test). For the non-normally distributed primary measures: (1) the number of CF synapses in the outer 20 % of the molecular layer; (2) the CF length in the outer 20 % of the molecular layer; and (3) the number of CF branches in the outer 20 % of the molecular layer, and in postmortem intervals, we used Kruskal-Wallis test. We constructed linear regression models using CF synaptic density or the percentage of CFs extending to the outer 20 % of the molecular layer as the outcome variables, and age, sex, postmortem intervals, and the dummy variables of each diagnosis as the predictive variables to assess the effects of age, sex, and postmortem intervals on these pathological features. All tests of statistical significance were conducted at the two-tailed α level of 0.05.
Unsupervised cluster analyses
We performed unsupervised hierarchical clustering analyses and stratified all 75 cases based on four pathological features: (1) CF synaptic density; (2) the percentage of the CFs extending to the outer 20 % of the molecular layer; (3) PC counts; and (4) torpedo counts. We did not include the following pathological features in the analysis, because these did not follow normal distributions and thus would not be suitable for the unsupervised cluster analysis: (1) CF length in the outer 20 % of the molecular layer; (2) the number of CF synapses in the outer 20 % of the molecular layer; and (3) the number of CF branches in the outer 20 % of the molecular layer. We could not adequately assess the percentage of CF synapses on the thin PC branchlets in SCA1 cases and MSA cases because of the marked fragmentation of PC dendrites; therefore, this feature was not included in the unsupervised cluster analyses. PC pathology has been a key feature for ET [40] ; therefore, we included in this analysis the two most extensively studied PC pathological features: PC counts and torpedo counts. We performed statistical analyses to assess whether the diagnoses and pathological features segregate using the MATLAB software.
Results
Demographics and clinical comparisons
As listed in Table 1 , the age of controls, ET cases, PD cases, MSA cases, and SCA1 cases was significantly different (p < 0.001), because MSA cases and SCA1 cases had a shorter lifespan. However, the age of older controls was not significantly different from ET cases (p = 0.23) and the age of younger controls was not significantly different from either MSA cases (p = 0.37) or SCA1 cases (p = 0.89). The five diagnostic groups did not differ in sex and Consortium to Establish a Registry for Alzheimer's Disease ratings for neuritic plaques. The five diagnostic groups differed with respect to postmortem intervals (p < 0.001), with the highest in SCA1 cases and controls. ET cases had a higher Braak Alzheimer's disease stage than other diagnostic groups (ET vs. controls, PD cases, and MSA cases combined, Chi square, p = 0.04, Table 1 ), consistent with a previous report [47] .
CF synaptic density
We first quantified the CF synaptic density in different diagnostic groups. These five diagnostic groups showed heterogeneous CF synaptic density (analysis of variance, p < 0.001) (Fig. 1) . PD cases had a similar CF synaptic density to controls (Fig. 1a, b, f ; Table 1 ), whereas ET cases had a 16 % reduction in CF synaptic density compared to controls (Fig. 1a, c, f ; Table 1 ). Both MSA cases and SCA1 cases had very small amounts of CFs in the molecular layer, consistent with a previous report [27] (Fig. 1d, e) . In residual CFs present, MSA cases and SCA1 cases also had 28 and 30 % reduced CF synaptic density, respectively, as compared to controls, and this was also further reduced compared to ET cases ( Fig. 1 ; Table 1 ) but not different from each other (p = 0.71, LSD post hoc analysis).
CFs extending into the outer molecular layer
We next investigated the distribution of CFs across the height of the molecular layer. The percentage of CFs extending into the outer 20 % of molecular layer also differed across diagnostic groups (analysis of variance, p < 0.001) (Fig. 2) . PD cases had 1.53-fold higher number of CFs in the outer molecular layer when compared to controls (Fig. 2a , b, f; Table 1 ). ET cases had 1.67-fold higher number of CFs extending into the outer molecular layer as compared to controls but similar to PD cases (Fig. 2a-c, f ; Table 1 ). Both MSA cases and SCA1 cases had few CFs extending into the outer portion of the molecular layer, being 0.48-and 0.69-fold lower compared to controls, respectively ( Fig. 2d-f ; Table 1 ). When compared with ET cases, both MSA cases and SCA1 cases also had 0.69-fold and 0.81-fold less CFs extending into the outer molecular layers, respectively (LSD post hoc analyses, both p < 0.001) ( Fig. 2c-f ; Table 1 ), but MSA cases and SCA1 cases were similar to each other in this measure (p = 0.19, LSD post hoc analysis).
CF synaptic pathology in the outer molecular layer
ET cases and PD cases had a similar percentage of CFs extending into the outer molecular layer, but we often observed more complex CF branching and longer CFs in the outer molecular layer in ET cases (Figs. 2c, 3a) . Thus, we further assessed CF length, the number of CF synapses, and the number of CF branches in the outer 20 % of the molecular layer. We found that ET cases had significantly longer CF length, increased number of CF synapses, and more CF branching in the outer 20 % of the molecular layer as compared to controls and all other diagnostic groups ( Fig. 3a-d ; 
Values represent mean ± standard deviation or number (percentage), and for variables with non-normal distribution, the Median is reported as well Since essential tremor (ET) cases had much older age of death than spinocerebellar ataxia type 1 (SCA1) cases, we selected 15 older controls to match with 20 ET cases and 10 younger controls to match with 10 SCA1 cases to study climbing fiber synaptic pathology during aging AD Alzheimer's disease, CERAD the Consortium to establish a Registry for Alzheimer's disease, CF climbing fiber, ET essential tremor, ML molecular layer, MSA multiple system atrophy, N/A not available, PC Purkinje cells, PD Parkinson's disease, SCA1 spinocerebellar ataxia type 1, VGlut2 vesicular glutamate transporter type 2 * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001, when compared to controls a One-way analysis of variance (ANOVA) Table 1 ). Interestingly, PD cases also had significantly longer CF length, increase in the number of CF synapses, and more CF branching in the outer 20 % of the molecular layer than controls, but to a lesser degree than in ET cases ( Fig. 3a-d ; Table 1 ). On the other hand, MSA cases and SCA1 cases had shorter CF length and a smaller number of CF synapses in the outer 20 % of the molecular layer than controls (all p < 0.05, Mann-Whitney tests), and MSA cases also had less CF branching in the outer 20 % of molecular layer than controls (p = 0.02, Mann-Whitney test) ( Fig. 3a-d ; Table 1 ). MSA cases and SCA1 cases were not different in CF length, the number of CF synapses, and the number of CF branches in the outer 20 % of molecular layer (p = 0.35, p = 0.06, p = 0.22, respectively, Mann-Whitney test).
CF synapses on the thin PC dendrites
Finally, we investigated the percentage of CF synapses on the thin PC dendritic branchlets across the diagnostic groups. We found that ET cases had a 2.5-fold increase in the percentage of CF synapses on the thin PC dendritic branchlets than controls ( Fig. 3e, f ; Table 1 ), consistent with our previous finding [31] . Furthermore, ET cases had a 1.5-fold increase in the percentage of CF synapses on the thin PC dendritic branchlets than PD cases ( Fig. 3e, f ; Table 1 ). Finally, PD cases had a 1.6-fold increase in the percentage of CF synapses on the thin PC dendritic branchlets than controls ( Fig. 3e, f ; Table 1 ). 
CF pathology adjusted for aging and other demographics
We assessed the association between CF synaptic density and age in the control group: Pearson's r = −0.32, p = 0.12. In addition, we observed that age was inversely correlated with the percentage of CFs extending into the outer 20 % of the molecular layer (Pearson's r = −0.56, p < 0.01), indicating that the regression of CF extensions is part of the normal aging process. Because sex could also affect the CF pathology [41] , in a series of linear regression models, we assessed each CF pathological feature after adjusting for age, sex, as well as a potential confounder, postmortem interval. We found that the case-control differences in CF pathology in each diagnostic group still remained similar as in the unadjusted comparisons (Table 2) .
CF collaterals in MSA
Interestingly, we observed unique CF morphology in MSA cases. These elongated VGlut2-positive fibers distributed parallel to the PC layer, very different from the normal CFs distributions (Figs. 2d, 4a) . Where intact PC dendrites were identified, these thickened fibers extended from the granule cell layer to proximal PC dendrites before transitioning into normal CFs, supporting that these VGlut2-positive fibers are indeed abnormal CFs (Fig. 4b) . With dual immunofluorescence of Calbindin D28K and VGlut2, we found that most of the PC dendrites were fragmented and the elongated CFs distributed perpendicular to the PC dendrites ( Fig. 4c-e) . Some of the remaining PC dendrites still had CF innervation, which was much regressed and restricted only in the very proximal part of the PC dendritic shafts (Fig. 4f-h ).
In addition, some of the fragmented PC dendrites still had a few CF synapses (Fig. 4i-k) . The elongated CFs were partially co-localized with neurofilament, consistent with a neuronal axon identity (Fig. 4l-n) . This unique parallel-aligned CF morphology was not observed in any of the controls, ET cases, PD cases, and SCA1 cases but was found in 6/10 of our MSA cases, and correlated with more severe cerebellar pathology (e.g., PC loss, decreased VGlut2-lableled cerebellar glomeruli, and cerebellar white matter destruction; data not shown) in these cases.
Unsupervised cluster analyses
Using unsupervised cluster analyses, we assessed whether these five diagnostic groups segregated based on four cerebellar pathological features: (1) CF synaptic density; (2) the percentage of the CFs extending into the outer 20 % of the molecular layer; (3) PC counts; and (4) torpedo counts. There were four main clusters with distinct pathological features ( Fig. 5 ; Table 3 ). The blue cluster consisted mainly of MSA cases and SCA1 cases, and was characterized by the lowest PC counts, very high torpedo counts, low CF synaptic density, and a very low percentage of CFs extending into the outer 20 % of the molecular layer (9 out of 10 MSA cases in the blue cluster, hypergeometric test, p < 0.001; and 9 out of 10 SCA1 cases in the blue cluster, p < 0.001). The gray cluster is comprised primarily of controls (21 out of 25 controls in the gray cluster, p < 0.001). Interestingly, ET cases and PD cases co-segregated into two clusters: the yellow cluster (11 out of 20 ET cases and 4 out of 10 PD cases, both p < 0.001) and to a lesser extent the orange cluster (5 out of 20 ET cases and 3 out of 10 PD cases, p < 0.01). When compared to the orange cluster, the yellow cluster had higher CF synaptic density (LSD post hoc, p < 0.001) and a lower PC count (p < 0.001), whereas CFs extending into the outer 20 % of the molecular layer and torpedo counts were similar (p = 0.12 and p = 0.22, respectively) ( Fig. 5 ; Table 3 ). We did not find significant differences in age, sex, or the presence of postural/action tremor between ET cases and PD cases in the yellow and in the orange clusters (Table 4) . Interestingly, ET cases that had resting tremor were more likely to be in the orange cluster, although this was not statistically significant (p = 0.16), and a similar trend was also observed in PD cases with resting tremor (p = 0.14). When combining ET and PD, cases in the orange cluster indeed were more often found to have resting tremor than cases in the yellow cluster (p = 0.03) ( Table 4 ).
Discussion
Our study systematically investigated CF pathological features more broadly, by extending our studies of ET to other cerebellar degenerative disorders as well as disorders in which cerebellum, as part of a larger tremor loop, has been postulated to be involved. Interestingly, our study demonstrates that these disorders seem to differ with respect to the pattern of CF synaptic pathology they exhibit. Specifically, PD cases and ET cases had more CFs extending into the PF territory, but ET cases showed additional complex branching and elongation of CFs in the PF territory along with a reduction of CF synaptic density. On the other hand, MSA cases and SCA1 cases had much regressed CFs in the molecular layer and decreased CF synaptic density, whereas some MSA cases additionally had thickened CF collaterals parallel to PC layers. We further investigated combined pathological features of CFs and PCs across the diagnostic groups with an unsupervised cluster analysis and found that ET cases and PD co-segregated into two clusters, whereas MSA cases and SCA1 cases clustered together, separate from controls. Overall, our studies demonstrated differences across degenerative movement disorders in terms of their CF and PC pathologies (Table 5) . It has been proposed that ET is a cerebellar degenerative disorder given the progressive nature of the disease and associated neurodegenerative changes in the cerebellum [32] . The observation of decreased CF synaptic density in ET, as is seen in cerebellar degenerative disorders, lends an additional support to the degenerative model of ET. We found a marked reduction in the numbers of CFs in the cerebellar cortex of MSA and SCA1 cases, possibly secondary to inferior olivary nucleus pathology [50, 51] . However, in contrast with MSA and SCA1, we did not find a dramatic PC dendritic fragmentation in ET, indicating a relatively milder degree of degeneration. Nonetheless, the decrease in CF synaptic density could represent an early phase of cerebellar degeneration.
The cerebellum in PD is an under-studied area, and the cerebellothalamic pathway has been implicated in PD resting tremor and other motor symptoms. It has been postulated that nigro-striatal dysfunction can lead to the generation of parkinsonian tremor and the cerebellum can play an important role in modulating the tremor frequency and intensity [23, 58] . Since the olivo-cerebellar pathway has long been thought to be involved in the tremor loops, the CF pathology in PD cases could be important in modulating tremor presentation. On the other hand, CF pathology could also be a consequence of long-standing tremor-related rhythmic loops involving the CFs, since CF synaptic distributions on PC dendrites could be dynamically regulated in response to excessive or deficient CF activity [8] [9] [10] .
Interestingly, ET cases had increased complexity of CF synapses in the outer molecular layer as compared to PD and controls, highlighting the uniqueness of this Fig. 3 CF morphology in the outer 20 % of the molecular layer and CF synapses on the thin PC dendritic branchlets. The dotted line indicates the border between the outer 20 % and inner 80 % of the molecular layer (a). Representative cerebellar sections labeled with anti-VGlut2 antibody of a control, a PD case, an ET case, an MSA case, and an SCA1 case demonstrate more complex CF synaptic pathology in the ET case (a). In ET cases, there are increased CF length (b), increased CF synapses (c), and increased number of CF branches (d) in the outer 20 % of the molecular layer when compared to other diagnostic groups. Representative images of dual immunofluorescence with anti-VGlut2 (Alexa 488, green) and anti-calbindin D28k antibody (Alexa 594, red) of cerebellar sections of a control, an ET case and a PD case (e) and CF synapses on the thin PC dendritic branchlet <1 μm in diameter are shown (arrowheads in e). ET cases have increased percentage of CF synapses on the thin PC dendritic branchlets <1 μm in diameter when compared to PD cases and controls (f), and this feature is also increased, but to a lesser extent, in PD compared to controls. Ctrl control, PD Parkinson's disease, ET essential tremor, MSA multiple system atrophy, SCA1 spinocerebellar ataxia type 1, CF climbing fiber. ML molecular layer. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 ◂ We used an unsupervised cluster analysis based on CF and PC pathologies and found that the cases and controls could all be categorized into four clusters. Interestingly, ET cases and PD cases co-segregated into two distinct clusters.
Clinically, cases in one cluster (designated as orange cluster: higher PC counts, lower torpedo counts, and lower CF synaptic density) were more likely to have resting tremor than the other cluster (designated as yellow cluster: lower PC counts, higher torpedo counts, and higher CF synaptic density) ( Fig. 5; Table 3 ). These results showed the clinicopathological heterogeneity of ET and PD. Based on these findings, it is possible that PCs and their intact axons are crucial to propagate the oscillation rhythm required for resting tremor. Further research is mandated to explore this possibility.
CF synaptic distributions are important to control PC physiology and normal cerebellar function. In our study, tremor disorders have abnormal CFs distributed in the PF territories. These abnormal CF synapses might contribute to tremor presentation as a mouse model with such abnormal CF synaptic pathology has 10 Hz tremor in the eyes, which falls into ET frequency [59] . In addition, abnormal CF synapses in the PF territories strongly correlate with tremor severity in ET cases, further supporting the notion that these synaptic pathologies can directly link to tremor [31, 41] . The regressed CF pathology might also contribute to cerebellar ataxia, as several animal models of different genetic mutations of SCAs have regressed CF distribution in the molecular layer, disturbed PC physiology, The blue cluster consists mainly of MSA cases and SCA1 cases. The gray cluster is composed primarily of controls. ET cases and PD cases segregated both in the yellow cluster and in the orange cluster. Ctrl control, PD Parkinson's disease, ET essential tremor, MSA multiple system atrophy, SCA1 spinocerebellar ataxia type 1, CF climbing fiber, ML molecular layer 1 3
and ataxia phenotypes [3, 13, 19, 53] . However, animal models of SCAs might not completely recapitulate human diseases. For example, we did not observe abnormal CFs surrounding the PC soma in human SCA1 cases, but this neuropathological feature has been well-described in the SCA1 mouse models [13] . Therefore, studying postmortem human brains in the genetic disorders still remains crucial to understand the disease pathogenesis.
We additionally observed unique CF distributions that run parallel to the PC layer in MSA cases. These fibers could be the collateral sprouts of CFs. In the setting of rapid PC degeneration, CFs lose their primary innervation targets and form synapses with the neighboring PCs [20] . However, in MSA, there is an extensive PC loss (Table 1) ; therefore, many CFs without target PCs might have this unique distribution to search for the remaining PCs. Interestingly, SCA1 cases had similar PC loss as MSA cases, (Table 1) , but SCA1 cases did not have parallel distributions of CFs, suggesting that other unique feature of MSA, such as α-synuclein, aggregates in the oligodendrocytes might be important.
The major limitation in the current study is the modest sample size, but nonetheless, we were able to detect numerous case-control differences across different diagnostic groups. Future studies will focus on the CF pathology in a larger sample size of PD and degenerative ataxias with different clinical presentations. For example, an analysis of CF pathology within MSA cases who are primarily parkinsonian vs. primarily ataxic would be of interest; such an analysis was not possible in our sample. In addition, differences in CF pathology were observed at the group level, but this could not necessarily be translated to individual levels due to the significant overlap across diagnostic groups. Other pathological features of the cerebellum are likely to play roles in these disorders. Future studies will also focus on the comparison of cerebellar pathology in neurodegenerative disorders with and without cerebellar involvement; for example, frontotemporal dementia cases with C9Orf72 repeat expansions have more cerebellar involvement when compared to those without C9Orf72 repeat expansions [4] .
In conclusion, we studied several aspects of CF pathology in tremor and cerebellar degenerative disorders and also in controls. Our study provides the first insight to CF-PC synapses during aging and in different disease states. Each degenerative movement disorder demonstrated its patterned CF and PC pathological features, which might be the result of the respective degenerative processes. Further studies on how these abnormal CF and PC pathologies can lead to Values represent mean ± standard deviation or number ET essential tremor, PD Parkinson's disease a Two independent samples t test tremor and/or ataxia will be crucial to gain an understanding of these disorders. In addition, therapies targeting abnormal CF synapses could be a promising strategy. 
